Hirudo medicinalis, the medicinal leech, is applied postoperatively in modern medicine. Infections by Aeromonas occur in up to 20% of patients unless a preemptive antibiotic treatment is administered. The associated infections demonstrate the need for a better understanding of the digestive tract flora of H. medicinalis. Early studies reported the presence of a single bacterial species in the digestive tract and suggested that these bacteria were endosymbionts contributing to the digestion of blood. In this study, we cultivated bacteria from the digestive tract and characterized them biochemically. The biochemical test results identified the isolates as Aeromonas veronii biovar sobria. This species identification was supported by sequence comparison of a variable region of the genes coding for 16S rRNA. In a colonization assay, a rifampin-resistant derivative of a symbiotic isolate was fed in a blood meal to H. medicinalis. The strain colonized the digestive tract rapidly and reached a concentration similar to that of the native bacterial flora. For the first 12 h, the in vivo doubling time was 1.2 h at 23°C. After 12 h, at a density of 5 ؋ 10 7 CFU/ml, the increase in viable counts ceased, suggesting a dramatic reduction in the bacterial growth rate. Two human fecal isolates, identified as Aeromonas hydrophila and A. veronii biovar sobria, were also able to colonize the digestive tract. These data demonstrate that the main culturable bacterium in the crop of H. medicinalis is A. veronii biovar sobria and that the medicinal leech can be used as a model for digestive tract association of Aeromonas species.
In modern medicine, Hirudo medicinalis, the medicinal leech, is applied postoperatively to relieve venous congestion and enhances the success rate in problematic plastic surgery cases (5, 12, 14, 30) . With increased usage, it was discovered that up to 20% of the patients treated were infected by Aeromonas, the reported endosymbiont of H. medicinalis (2, 5, 12, 27, 44) . These infections can be prevented with a preemptive antibiotic treatment (2, 5, 27, 44) . The increased use of H. medicinalis and the potential for infections have revived interest in the digestive tract flora and in the interaction of the bacterial flora with the medicinal leech.
Hirudo medicinalis feed exclusively on vertebrate blood (22) and have evolved to survive on infrequent feeding events (reviewed by Sawyer [43] ). After the leech attaches with its suckers to the host, the salivary glands secrete a number of compounds, such as an anesthetic, a vasodilator, a spreading factor, and proteolytic inhibitors (37, 43) . It is postulated that it is the combination of the diverse molecules released and the removal of blood that benefit the patient in a way that cannot be duplicated with pharmaceuticals (2, 37) . During a single meal, the medicinal leech can ingest blood weighing up to six times its body weight (24) . The blood is accommodated in the extensive crop that accounts for a large part of the total body volume. The crop possesses 10 pairs of lateral pockets, crop ceca, and one pair of posterior crop ceca that provide additional storage space (Fig. 1) . The blood cells are concentrated by excreting water from the ingested blood and can be stored intact for up to 6 months (24) . Digestion and absorption are thought to occur in the intestine and may be aided by bacterial symbionts, as was suggested by the effect of antibiotic treatment on digestive tract physiology (4, 43, 49) .
Early studies reported the presence of a single bacterial species in the digestive tract of H. medicinalis (3, 4, 16, 23) . The bacteria were assumed to be mutualistic endosymbionts, perhaps aiding in the digestion of blood, preventing other bacteria from proliferating and/or supplying essential nutrients to the host (3, 4, 16, 23, 46, 48) . The endosymbionts were identified as a monoculture of Aeromonas hydrophila (47, 48) . In contrast, a more recent study reported the isolation of 11 species from nine genera, including A. hydrophila (31) . In the main quantitative study by Wilde, it was shown that 3 days after the leeches were fed, the bacterial population reached a concentration of 8.5 ϫ 10 7 CFU/ml (48) . A later study proposed that protease inhibitors detected in the crop of the digestive tract prevent the rapid proliferation of the endosymbionts (38) . The detection of proteinases in the intestine, apparently of host origin, suggested that the host may be able to digest the blood without the aid of the endosymbionts (39) . At this time, the identity, proliferation, and function of the bacterial flora present in the digestive tract remain uncertain.
Aeromonas species are ubiquitous in the freshwater environment and are important human and fish pathogens (10, 19, 45) . Aeromonas hydrophila, Aeromonas veronii biovar sobria, and Aeromonas caviae have been implicated in causing septicemia, wound infections, and diarrhea in humans (7, 19, 20, 34) . The prevalence of diarrhea appears to be especially high in children under the age of 2 years (6, 15) . The studies of virulence factors important for diarrhea are limited by the lack of an appropriate animal model. Recently, colonization models using streptomycin-treated mice or germfree chickens were developed, but these models yielded no diarrheal symptoms (28, 42) . The development of an animal model that would allow the identification of factors important in the colonization of the digestive tract environment and the interaction with the host animal epithelium is critical for the study of Aeromonas.
In this study, I wanted to address the presence, identity, and number of culturable bacteria present in the crop of H. medicinalis. In addition, I developed an assay that would allow determination of the colonization kinetics and the colonization competence of different Aeromonas species. These results provide the basis for the use of this nonpathogenic association of Aeromonas and H. medicinalis as a model for digestive tract interactions.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The Aeromonas strains were maintained as frozen stock cultures at Ϫ80°C and cultured at 30°C on blood agar plates (4.4% [vol/vol] whole sheep blood containing 30 mM sodium citrate in Columbia agar base [Oxoid, Columbia, Md.]) or in Luria-Bertani (LB) broth (Difco Laboratories, Detroit, Mich. [41] ). The spontaneous rifampin-resistant (Rf r ) mutant, HM21R, was derived from HM21, an isolate from the digestive tract of H. medicinalis, by plating cultures grown overnight on LB agar plates containing rifampin (RIF) (100 g/ml [Sigma Chemical Co., St. Louis, Mo.]) and incubating the plates at 30°C overnight (29) . HM21 was identified as A. veronii biovar sobria and belonged to phenon SyA (Table 1) . Two additional Rf r test strains, AER19R and AER28R, were obtained by the same method from the human fecal isolates AER19 (A. hydrophila) and AER28 (A. veronii biovar sobria), respectively. The growth rate of the symbiotic isolate HM21R was determined at 28°C in LB broth. The cells were grown in an orbital shaker (200 rpm), and the optical density was measured at 600 nm.
Animals. The farm-raised H. medicinalis used in this study were primarily obtained from Ricarimpex (Eysines, France). For the identification of the symbionts, additional animals were obtained: farm-raised leeches in Germany from Noyer Apotheke (Berne, Switzerland) and captured leeches in Turkey from Biopharm (Dyfed, United Kingdom). The animals were maintained without feeding in leech tanks (Biopharm) containing tap water at room temperature. The water was changed weekly.
Isolation of digestive tract flora. The endogenous bacteria were isolated from the digestive tract immediately after the animals were fed 4 to 5 ml of sterile sheep blood (containing heparin [25 U/ml] [Sigma Chemical Co.]). The blood was warmed to 37°C and placed in a 15-ml disposable centrifuge tube. The tube was sealed with either plastic wrap or Parafilm (American National Can, Greenwich, Conn.). The animal was allowed to attach to the covering, bite, and feed. In the case of plastic wrap, holes were punctured into the covering with a needle where the animals attempted to bite. The amount of ingested blood was determined by the increase in the weight of the animal. Immediately after the animal was fed, the anterior and posterior ends of the animal were tied off with string and the animal was submerged for 5 s in 70% ethanol to disinfect the surface. The animal was then dried and severed at the midpoint with a scalpel. The outflowing content of the digestive tract was collected, serially diluted in saline (NaCl [0.85%, wt/vol]) and plated on blood agar plates. One centimeter posterior from the first cut, a second cut was made, and the digestive tract was dissected out of the section. The digestive tract was washed three times in saline, homogenized, vortexed for 1 min, serially diluted in saline, and plated on blood agar plates. The agar plates were incubated at 30°C overnight and then examined for colony number and morphology. The typical Aeromonas-like colony was a grayish, shiny, ␤-hemolytic, 1-to 2-mm-diameter colony.
Identification of symbionts. Bacteria isolated from medicinal leeches were obtained from the digestive tract as described above and identified by conventional biochemical tests and DNA sequencing. For the biochemical identification, a test scheme based on those of Abbott et al. (1) and Hänninen and Siitonen (11) was used. The test results were obtained with the test strips from API 20NE and API 20E (BioMérieux, Marcy l'Etoile, France) according to the manufacturer's instructions. In addition, Gram staining and oxidase and catalase tests were done (8) . Gas production from glucose was determined by using Triple Sugar Iron Agar, resistance to cephalothin (30 g per sensidisc [Becton Dickinson]) and vibriostatic agent O/129 (150 g per sensidisc [Oxoid]) was determined on blood agar plates at 30°C, and lactose fermentation was tested on MacConkey lactose agar (Oxoid) after 18 h at 30°C. Eleven of these biochemical parameters were used to identify the symbionts to the species level.
Species identification using 16S rDNA. The sequences of the genes coding for 16S rRNA (16S rDNA) from three isolates that differed in certain biochemical tests (phenons SyA, SyB, and SyC) were determined. The DNA was isolated by resuspending a single colony from a blood agar plate after growth overnight in 20 l of saline and placing the sample in boiling water for 10 min. Ten volumes of TE (Tris-EDTA) buffer were added, and the sample was stored at Ϫ20°C until used (41) . The sequence of the forward primer was 5Ј-TCA TGG CTC AGA TTG AAC GCT-3Ј, and the sequence of the reverse primer was 5Ј-CGG GGC TTT CAC ATC TAA CTT ATC C-3Ј (MWG-Biotech, Ebersberg, Germany). Two microliters of the DNA solution was added to the PCR mix (2 U of Taq DNA polymerase in a 100-l volume containing 1. Colonization assay. The abilities of strains to colonize the digestive tract were evaluated in a colonization assay. The in vivo growth kinetics of a Rf r test strain in competition with the native bacteria of the digestive tract were determined in the following way. The strains were grown to early log phase in LB-RIF (10 g/ml) in a gyratory shaker (200 rpm, 30°C). The feeding procedure described above was used, except that the blood contained 2 ϫ 10 4 CFU of the test strain per ml. Animals were incubated inside separate plastic containers in tap water at room temperature (23°C) for the indicated incubation time. Subsequently, the animals were weighed and dissected as described above. The serially diluted samples of the fluid and tissue were plated on LB-RIF agar plates and blood agar plates. The CFU counts on the LB-RIF agar plates allowed assessment of colonization by the Rf r test strain in comparison to the total number of bacteria (native and test strain) recovered on the blood agar plates.
The intraluminal volume was estimated by subtracting the weight prior to feeding from the final weight. This volume is a consistent underestimation because the residual fluid in the crop was not accounted for. This error is minor because the total number of CFU recovered at T 0 was similar to the total number of CFU fed in the blood mean (127%, T 0 was 7 to 13 min after initiating feeding and 23 to 27 min after inoculation). The CFU per gram of tissue were calculated by dividing the number of bacteria present in the tissue sample by the weight of the section prior to dissecting out the crop. We considered the possibility that the bacteria associated with the tissue resulted from contamination from the fluid that adhered to the tissue after three rinses with saline. The likelihood of contamination seemed small for most samples and was deemed more likely after 12 h when the viscosity of the crop fluid had increased or when the number of bacteria associated with the tissue was less than 0.5% of the concentration in the lumen. Nucleotide sequence accession numbers. The DNA sequences for the variable region of the 16S rDNA for HM11, HM221, and HM231 were submitted to GenBank under accession no. AF079299, AF079300, and AF079301, respectively.
RESULTS

Quantification of symbionts.
The initial number of culturable bacteria present in the fluid and associated with tissue from the crop was determined by plating serial dilutions on blood agar plates. Only colonies with typical Aeromonas morphology were detected, and all isolates examined were gramnegative rods, positive for oxidase and catalase, and resistant to vibriostatic agent O/129. These results identify the isolates as members of the genus Aeromonas. Infrequently, much smaller Aeromonas colonies were observed (Ͻ0.5 mm, ranging from nondetectable to 7.2% of the total CFU) and thus were considered a minor component of the digestive tract flora. The initial number of native bacteria ranged from 1.5 ϫ 10 3 to 2.9 ϫ 10 6 CFU/ml (average, 1.0 ϫ 10 6 Ϯ 1.3 ϫ 10 6 ) in the intraluminal fluid and 6.9 ϫ 10 1 to 4.8 ϫ 10 3 CFU/g (average, 1.6 ϫ 10 3 Ϯ 2.7 ϫ 10 3 ) associated with the tissue. Biochemical characterization and identification of symbionts. By using an identification scheme from Abbot et al. (1), the majority of the symbionts were clearly identified as A. veronii biovar sobria (Table 1) . Twenty-four isolates from eight H. medicinalis (farm-raised animals from France and Germany and captured animals from Turkey) were characterized by using 41 biochemical tests. Variation in the results for the symbiotic isolates was observed for five individual tests, two of which were important in species identification ( Table 1) . The variations allowed the division of the crop isolates into three major phenons ( Table 1 ). All of the members for each phenon had identical results for tests used in species identification. In three of eight animals, strains with different results in the biochemical tests were isolated from the same animal, suggesting that at least two biochemically distinct strains of A. veronii biovar sobria were present in that host.
The test results for 13 isolates (phenon SyA) were identical with those for A. veronii biovar sobria. Ten isolates (phenons SyB and SyC) differed in a single test from A. veronii biovar sobria. Only a single isolate differed in two test results, phenon SyD (negative for lysine decarboxylase and positive for esculin hydrolysis). Because all of the isolates from the crop of H. medicinalis were most similar to each other and to A. veronii biovar sobria, it is most likely that the major native symbiont is A. veronii biovar sobria, including typical and atypical strains, and not A. hydrophila.
Identification of symbionts by 16S rDNA sequence analysis. In an approach independent of the biochemical identification, we confirmed the identification of the symbiotic isolates as A. veronii by comparing the 16S rDNA sequences of three phenons, SyA, SyB, and SyC (representing 96% of the isolates), to published sequences. A region of the 16S rDNA that had been shown to be variable for Aeromonas species was amplified by PCR and sequenced (25) . The DNA sequences obtained were identical for the three phenons and were aligned to the published Aeromonas 16S rDNA sequences. The sequences from the digestive tract isolates were identical to that of A. veronii. The two known biovars of A. veronii do not differ in their 16S rDNA sequence (25) . The next most similar sequence was from Aeromonas jandaeii and differed at 6 of 531 bp and A. hydrophila differed by 20 bp. These DNA sequence comparisons support the biochemical identification of the digestive tract isolates as A. veronii biovar sobria.
Colonization kinetics of the symbiotic strain. The colonization kinetics were determined, using digestive tract isolates carrying a Rf r marker that permitted the differentiation of the test strain and the native bacteria. The test bacteria immediately proliferated in the crop of the medicinal leech, despite having been pregrown in LB broth at 30°C (Fig. 2A) . The animals were kept at room temperature (23°C), and for 12 h, the test strain rapidly proliferated in the intraluminal fluid of the crop, with a doubling time of 1.2 h. This is similar to the doubling time (1 h) in LB broth at 28°C (data not shown). After 12 h, the viable counts of the test strain stabilized at approximately 4 ϫ 10 7 CFU/ml. On average, the concentration of the test strain in the fluid contributed 57.1% to the total colony counts (native and test strain CFU).
The test strain was also present in crop tissue sample, the digestive tract tissue dissected out of a central section of the animal. The growth rate was similar to that of the test strain in the fluid and continued proliferating for at least 24 h (Fig. 2B) . However, the concentrations obtained at most time points were much lower absolute values for the tissue-associated bacteria than for the fluid samples (average, 4.0%).
In the intraluminal fluid, the total number of bacteria, consisting of the test strain and the native symbiont, followed a similar growth pattern, increasing for the first 12 h and leveling off at 10 8 CFU/ml. The standard deviation was greater for all bacteria than for the test strain alone, which was probably due to the variation in the initial number of the endogenous symbionts. The total number of bacteria associated with the crop tissue increased 100-fold from 0 to 3 h.
Colonization of H. medicinalis by human fecal isolates of Aeromonas. The abilities of human fecal isolates (A. hydrophila AER28R and A. veronii biovar sobria AER39R) to colonize the digestive tract of H. medicinalis were determined for two time points. The two time points were 6 h after feeding when the symbiotic test strain was proliferating rapidly and 18 h when the test strain was persisting in the crop and apparently not proliferating. In the fluid, both strains colonized as quickly as the symbiotic strain by 6 h (Fig. 3) . Similarly, all three strains were present in high numbers in the tissue-associated samples. By 18 h, all three strains were present in high numbers in the fluid and on the surface. However, the A. hydrophila strain doubled only twice in 12 h, in contrast to five doublings by the symbiotic strain and A. veronii biovar sobria strain. These results demonstrate that nonsymbiotic isolates can colonize the digestive tract of the medicinal leech.
DISCUSSION
An important aspect of H. medicinalis, clinically and biologically, is the identity and diversity of the bacterial flora in the digestive tract. Our results concur with most previous studies by finding exclusively Aeromonas in the crop of the digestive tract of H. medicinalis (4, 21, 23) . In contrast, a recent study reported the presence of 11 species from nine genera in the digestive tract of H. medicinalis (31) . While it is possible that medicinal leeches carry such a diverse bacterial flora, the lack of quantitative data limits the assessment of these results. The diverse digestive tract flora reported could have been due to the leeches feeding on contaminated blood (48) or contamination from the surface of the animal from which similar species were isolated (32) . Thus, it appears most probable that only Aeromonas is present in the crop of H. medicinalis.
Earlier studies of the digestive tract flora of H. medicinalis identified the symbiont as A. hydrophila (21, 47) . Since then, the taxonomy of Aeromonas has undergone dramatic changes, rendering the original species identification questionable (1). Our data indicate that the major culturable isolate present in the crop of H. medicinalis is A. veronii biovar sobria. The species identification was based on biochemical tests and supported by the sequence of DNA encoding the 16S rRNA. The 16S rDNA sequence for a variable region of 531 bp was identical for the digestive tract isolates and A. veronii, whereas 20 bp of the sequence differed from the A. hydrophila sequence. The animals used in our study were from a wide geographic range to ensure that the differences in species identification were not due to local variation. Another possibility for the differences is that A. hydrophila and A. veronii biovar sobria are present in different compartments, for example, on the surface (32), in the pharnyx, or in the intestinum of the medicinal leech. Alternatively, the previous studies could have used different criteria for species identification. It would be interesting to reexamine clinical isolates from patients infected with Aeromonas after treatment with H. medicinalis by using the identification scheme of Abbott et al. (1) . If the wound infections resulting from the application of medicinal leeches are caused by the bacteria on the surface and not by the digestive tract isolates, the surface of the animals could be disinfected prior to applying the medicinal leech to the patients and thus reduce the risk of infection.
The consistent isolation of monocultures from the digestive tract of H. medicinalis and the suspected vertical transmission from parent to offspring through the cocoon prompted earlier researchers to consider the bacteria mutualistic endosymbionts FIG. 2 . Colonization kinetics of a symbiotic strain. The Rf r test strain was fed to H. medicinalis in a blood meal. The blood was warmed to 37°C, and the bacteria were added (2 ϫ 10 4 CFU/ml). The bacteria recovered from the intraluminal fluid of the digestive tract (A) and those associated with digestive tract tissue (B) are shown. Culturable bacteria (native bacterial flora and test strain) were recovered on blood agar plates (s), and the test strain was recovered on LB-RIF plates (OE) at the indicated times as described in Materials and Methods. Each error bar depicts 1 standard deviation. (3, 23) . While beneficial functions for the host have been proposed, none have been supported experimentally, and we propose that these bacteria should be considered cooperative (not causing disease) symbionts until a benefit for both partners is demonstrated. Other nonpathogenic digestive tract associations have been difficult to study because of the complex microbial consortia present in most animal digestive tracts. The association investigated in our study provides an opportunity to investigate not only a cooperative interaction of bacteria and animals but also a benign interaction of a pathogenic bacterium. The benefit of investigating cooperative associations has been demonstrated by the discovery of similarities between Vibrio fischeri, the light organ symbiont of the squid Euprymna scolopes, and V. cholerae, the causative agent of cholera in humans. For both bacteria, motility (9, 33) and siderophore production (13, 40) are important in the colonization of their respective hosts and both encode proteins which adenylate host proteins (35) and possess toxRS (36) . Such a comparative approach may be particularly useful for a species, such as A. veronii biovar sobria, that can be found in pathogenic associations with humans and cooperative associations with invertebrates. Therefore, we wanted to establish a reproducible colonization assay for the interaction of Aeromonas and H. medicinalis.
In the colonization assay, we introduced a Rf r test strain and monitored its colonization dynamics when competing with the native bacterial flora. The animals were artificially infected with the Aeromonas test strain by feeding the animal a blood meal inoculated with the strain. The test strain proliferated rapidly in the intraluminal fluid for the first 12 h, doubling once every 1.2 h. This is similar to the growth rate in a rich medium. After 12 h and at a cell density of 5 ϫ 10 7 CFU/ml, the proliferation ceased and the viable count of the test strain remained constant. The total bacterial counts leveled off at 10 8 CFU/ml. These results could indicate that blood supports a growth yield of only 10 8 CFU/ml, that the host controls the proliferation of the bacteria either after a 12-h period of unrestricted growth or after a particular density of bacteria is reached, or that the bacteria continue to proliferate but are removed and inactivated at an equal rate, for example by hemocytes. The long-term preservation of the ingested blood cells in the presence of bacteria capable of ␤-hemolysis suggests that the growth potential for these bacteria was not reached and that bacterial hemolysis was inhibited. One mechanism that has been suggested to prevent rapid proliferation of bacteria in the crop of H. medicinalis is the presence of proteinase inhibitors bdellin and eglin (38) . The initial rapid proliferation suggests that proteinase inhibitors are not important in restricting the bacterial growth for the first 12 h, but these inhibitors or other compound(s) produced by the host could account for the subsequent restriction in bacterial growth.
The native bacteria proliferated in a manner similar to that of the test strain, and the viable counts of the endogenous bacterial flora were similar to those reported by Wilde (2.5 ϫ 5 and 8.5 ϫ 10 7 CFU/ml at 1 and 72 h after feeding, respectively [48] ). Our in vivo growth data suggest that most of the increase in viable counts occurs within the first 12 h after feeding. Often, the surface of the digestive tracts is densely populated by bacteria. In H. medicinalis, the majority of the bacteria were found in the lumen after the animals were fed. Whether the bacteria are attached to the surface of the digestive tract prior to feeding remains to be demonstrated.
We wanted to determine whether other Aeromonas isolates not originating from H. medicinalis could also colonize the digestive tract. We chose to examine the extent of colonization at 6 h (during the rapid proliferation phase) and at 18 h (during the persistence phase). The abilities of human fecal isolates of A. hydrophila and A. veronii biovar sobria to colonize the crop of H. medicinalis were compared to that of the symbiotic isolate. Six hours after feeding, all three strains had proliferated to a similar extent in the fluid and were associated with tissue in the crop. By 18 h after feeding, the A. hydrophila strain had doubled only twice more, in contrast to the two other strains, which had doubled several times. For the samples of crop tissue, a trend similar to that in the fluid was observed, except the differences observed were more dramatic. These results indicate that a fecal isolate of A. veronii biovar sobria can colonize to the same extent as the symbiotic isolate and that A. hydrophila has the capacity to proliferate in the crop of H. medicinalis. The results of this study also suggest the feasibility and potential for this digestive tract model in the investigation of the interactions of Aeromonas species with the host animal. A similar approach should also be useful in future studies comparing the abilities of isogenic mutants to colonize the crop of H. medicinalis.
In this study, we were able to isolate A. veronii biovar sobria from the digestive tract of H. medicinalis. No isolates of other genera were detected, suggesting that this species is the dominant digestive tract symbiont. These symbionts were capable of proliferating rapidly for the first 12 h after being fed to the leech. The increase in bacterial numbers was restricted by 12 h at a density of 10 8 CFU/ml. In addition to the symbiotic isolate, two human fecal isolates could also colonize the digestive tract, demonstrating the potential use of this colonization model for other Aeromonas species. This work establishes the basis and feasibility for the use of this association as an alternative model for bacterium-animal interaction. Traditional models often utilize factitious associations; in contrast, this association is a naturally occurring, cooperative symbiosis where the partners have coevolved and the host can control the Aeromonas infection.
